We recorded 60 DC-extracellular electrograms simultaneously from epicardial and intramural sites of the left ventricle of isolated perfused porcine and canine hearts during the first 15 minutes after occlusion of the left anterior descending coronary artery. During coronary occlusion, maximal current flow across the ischemic border occurred when normal cells had repolarized and ischemic cells had not. At that moment, maximal current sources at the normal side of the ischemic border were in the order of 2 /iA/mm 3 and maximal current sinks were -5 /tiA/mm 3 . During propagation of a broad wavefront in nonischemic myocardium, current sources in the wake of the wavefront were about twice as large. Ventricular premature beats usually followed deep negative T waves in ischemic myocardium, when "injury" currents were maximal. Earliest activity always occurred at the normal side of the ischemic border, and whenever Purkinje activity was recorded it preceded myocardial activity in both single premature beats and the initial beats of ventricular tachycardia (VT) or ventricular fibrillation (VF). For later beats of VT, circus movements with a diameter of 1-2 cm were responsible for continuation of the arrhythmia. Dimension and position of the reentrant circuit changed from beat to beat. In VF, fragmentation of wavefronts occurred, and multiple wavelets followed tortuous paths. Circus movements were seldom completed; when they were, their diameter was 0.5 cm. It is concluded that two mechanisms are responsible for the very early ischemic arrhythmias: one, a "focal" mechanism located at the normal side of the ischemic border, possibly induced by injury currents in normal Purkinje fibers and, two, macro-and micro-reentry in ischemic myocardium.
beats and ventricular premature beats (Durrer et al., 1971; Boineau and Cox, 1973; Waldo and Kaiser, 1973; El-Sherif et al., 1977) . Furthermore, recordings of transmembrane potentials and determinations of refractory periods of acutely ischemic cells have shown that the conditions necessary for reentry are present in acute regional myocardial ischemia . However, the pathways of excitation and the dimensions of possible reentrant circuits during ventricular arrhythmias in acute ischemia have not been delineated.
It has been suggested that flow of "injury" current between ischemic and normal myocardial tissue may induce ectopic activity, either by re-excit-152 CIRCULATION RESEARCH VOL. 47, No. 2, AUGUST 1980 ing normal cells at the end of their refractory period, or by inducing oscillatory activity, or by increasing the rate of normal phase 4 depolarization in Purkinje fibers (Cranefield, 1975; Kleber et al., 1978; Han, 1969; Katzung et al., 1975; Trautwein, 1963; Imanishi and Surawicz, 1976) . The amount of current has been estimated from the distribution of DC-extracellular potentials during T-Q and S-T segments of normally propagated beats (Kleber et al., 1978) .
The purpose of this study was to determine both the sequence of activation and the flow of current at the border between ischemic and normal myocardium during early ischemic ventricular arrhythmias. The technique used was essentially the simultaneous recording of DC extracellular electrograms at 60 epicardial and intramural sites.
Methods
Pigs and dogs, weighing about 20 kg, were anesthetized by intravenous injection of sodium pentobarbital (20 mg/kg). The thorax was opened by a midsternal incision. The superior vena cava was cannulated, and, after administration of 1 ml of heparin, blood was collected. Simultaneously, 1 liter of modified Tyrode's solution was infused through a superficial femoral vein. After 1500 to 1750 ml of blood-Tyrode's mixture had been collected, which mixture was used to perfuse the isolated heart, the heart was rapidly removed and fixed to the perfusion set-up where it was perfused according to the Langendorff technique. Details of perfusion system and perfusion fluid are given elsewhere . In two instances the concentrations of electrolytes, glucose, and hemoglobin were measured in the blood-Tyrode's mixture. Average values were: Na + , 145; K + , 4.5; Ca 2+ , 2.0; Mg 2^ 1.7; Cl", 116; H 2 PO,T, 1.8; HC0 3 ", 33.5; glucose, 11.5; Hb, 3.4 mmol/liter. The hearts were paced from the right atrium at rates just above the spontaneous sinus rate (basic cycle lengths in different experiments varied from 430 to 500 msec). Regional ischemia was produced by clamping the left anterior descending coronary artery (LAD). In an initial occlusion of 1-2 minutes' duration, the visible border between cyanotic and normal myocardium was located and the multiple electrode was positioned so as to have electrode terminals on both sides of the border.
All of the multiple electrodes used had 60 terminals, and consisted in principle of cotton or silk wicks soaked in isotonic saline. The saline was in contact with a chlorided silver wire which was connected to a buffer amplifier with high input impedance. A differential input DC amplifier measured the potential at each wick with respect to a DC reference potential obtained from a wick electrode attached to the aortic root. Electrodes were used in different arrangements. Electrode terminals were either spaced regularly within a rectangle at interterminal distances varying from 1.5 to 4 mm, or irregularly so that a large area of the heart was covered. Precise electrode arrangement will be shown in the Results. Multiple electrodes with an interelectrode distance of 1.5 mm consisted of 60 glass microelectrodes, each containing a silk wick, placed in parallel rows and embedded in dental cement. The microelectrode tips were filed off; tip diameters were less than 0.1 mm. Each microelectrode was connected to a saline-filled flexible polyethylene tube, which in its turn was connected to an immobile Perspex hollow cylinder where the saline-silver-silver chloride connection was made. (The silver-silver chloride electrodes wtre placed in small chambers filled with agar. To avoid DC potential shifts, it appeared necessary to prevent mechanical movement of the fluid-metal interface). Multiple electrodes with interelectrode distances larger than 1.5 mm consisted of polyethylene tubes filled with saline and containing cotton wicks. The electrode tips were glued to a rubber sheet, which was perforated by small holes (diameter, 0.5 mm) positioned in several rows, at either regular or irregular distances, the wicks protruding through the holes of the sheet. The sheet could be sutured onto the epicardial surface, and any desired geometry for the electrode grid could be made. In addition to epicardial recordings, intramural DC recordings were made using intramural wick electrodes (Janse et al., 1979) that were inserted in parallel rows at distances of 4 mm. At each site, recordings were obtained from the epicardium and from intramural sites 4 and 8 mm from the epicardial surface. After an initial 20-fold amplification in high impedance, low-pass (cut-off frequency 40 Hz), 60-channel amplifier, the signals were led into a high-speed multiplexing A/D converter (maximal sampling frequency, 130 Kc/sec (micro consultants VHF mod 15). In most instances, samples were taken every 8 msec (sometimes every msec) and written into a circular buffer.
During the experiment, one of the signals was displayed on a megatek graphic display. When an event occurred (spontaneous premature beats, ventricular fibrillation), i button could be pushed so that the signals of the preceding 2 seconds (or 0.25 second when sampling was performed every msec) were transferred to a high-speed digital tape recorder (Kennedy 9300). Analysis of the data was performed using the same PDP-11-34 computer by means of an interactive program where the signals were displayed in groups of five on a megatek graphic display, and moments of activation were indicated on the screen, using a joy stick. Zero potentials were obtained from control recordings, and DC-potential values could be obtained from signals recorded after LAD occlusion at any desired moment of the cardiac cycle.
Values of activation times, and of DC potentials were printed out, and isochrone and isopotential maps were made by hand (for detailed description EARLY ISCHEMIC ARRHYTHMIAS/Janse et al. 153 of the recording system, see van Capelle et al., 1979) .
Estimation of the Injury Currents: Calculation of the Laplacian
From the extracellular DC potentials measured simultaneously in an electrode grid of 60 terminals, extracellular current sources and sinks could be calculated. The basis of the calculation is the electroconduction field equation (Plonsey and Fleming, 1969) : AV = -pi where V is the extracellular DC potential, p the specific resistance of the tissue, i the source current, and A the Laplacian operator (d 2 /dx 2 ) + (dVdy 2 ) + (d 2 /dz 2 ). For each point C in the electrode grid, the potential values of the eight surrounding sites were used, according to a finite difference formula given by Bickley (1948) :
The source current, i, was given by:
in which L is the distance between sampling points and 6 is a geometrical factor. L was usually 1.5 mm, and p was assumed to be 400 fl cm. In practice, it is convenient to express V in mV and i in jtiA/mm 3 , and this convention is employed in the results. Whenever i is not zero, current must either have disappeared (current sink) or been generated (current source) at point C. Two biological explanations for that phenomenon exist: (1) a transmembrane current flows locally between extra-and intracellular compartments, or (2) an extracellular current flows from deeper intramural layers toward the epicardium, or vice versa.
We have shown previously that, during T-Q and S-T segments in the pig heart, no important transmural extracellular potential gradients exist (Kleber et al., 1978) and that therefore the current source determined in this way represents a site where transmembrane current flows out of the cells, and a sink represents a site where transmembrane current flows into cells.
In some experiments, in addition to recordings made with the computer system, extracellular recordings were made from subendocardial Purkinje fibers, using either multiterminal plunge electrodes (Durrer et al., 1970) or plunge wire electrodes of the type described by Scherlag et al. (1967) . Selected signals from such electrodes were recorded with AC-coupled amplifiers on an Ampex instrumentation recorder, together with some signals from the multiple electrode which were also led to the multiplexing system. Signals could be printed out on a multichannel Elema inkwriter.
In most experiments, several LAD occlusions were performed. Occlusions did not last longer than 15 minutes, and within a few minutes after reperfusion, electrical signals returned to control values. This allowed us to test the amount of drift of the recording system by making isopotential maps of T-Q, or S-T segments of control signals prior to each occlusion. (A reperfusion period of at least 15 minutes preceded each subsequent LAD occlusion).
In the experiments for which isopotential maps were made, zero potentials shifted by not more than 1-2 mV. Occasionally, one or two electrodes developed a considerable offset in the course of the experiments, and potential measurements of these electrodes were discarded. It was possible, during the experiments, to check quickly the offset of each electrode. When offsets occurred, flushing of the electrode with saline generally brought the DC potential level back to control values.
In 28 isolated pig hearts, 62 LAD occlusions were performed. In 45 of these (72%), spontaneous ventricular premature impulses occurred between 2 and 8 minutes after occlusion. In 28 occlusions, such premature impulses initiated a ventricular tachycardia (i.e., a series of more than five consecutive premature impulses), which in 20 instances degenerated into ventricular fibrillation (VF). Spontaneous VF at a constant heart rate, just above that of the spontaneous sinus rhythm, thus occurred in 32% of the occlusions. In 21 occlusions where no spontaneous VF occurred within 7 minutes, heart rate was increased by shortening the cycle length of the atrial drive to 300 msec; in only nine instances did this result in VF (43%). In 45 occlusions, the clamp on the LAD was released after 10-15 minutes while the heart was following the regular atrial drive: this resulted 27 times in VF (60%). In five dog hearts, 15 occlusions were performed. Ventricular premature beats occurred in 11 occlusions and ventricular tachycardia in six, where it degenerated into VF three times. Release of occlusion was done 12 times and resulted four times in VT and once in VF. The pattern of activation of spontaneous (single or multiple) premature beats was mapped 65 times in pig hearts and 10 times in dog hearts; that during initial and later stages of ventricular tachycardia was mapped 13 times in pigs and 4 times in dogs, whereas the activation pattern during initial and later phases of ventricular fibrillation was determined 25 times (all in pig hearts). All told, the activation pattern was analyzed for about 700 activations, determined on the basis of about 42,000 measurements of moments of activations at individual electrode terminals. Figure 1 shows selected DC extracellular electrograms from a multiple electrode in which terminals 154 CIRCULATION RESEARCH VOL. 47, No. 2, AUGUST 1980 activation (msec) (b, c, d) , 5 minutes after occlusion of the LAD of an isolated pig heart. The straight line indicates the DC potential level of the aortic root. The atrium is regularly driven, and stimulus artifacts precede P waves. Note alternation in S-T segment and T waves in ischemic zone; the second basic impulse is followed by spontaneous premature impulse. Right panel: The area of 3.5 X 2 cm on the anterior surface of the heart from which 60 DC electrograms were recorded simultaneously (terminals were separated by 5 mm) is depicted. Isochrones show patterns of activation of the last basic beat and the premature beat (t = 0 is the P wave preceding the basic beat) in the upper panels. In lower panels isopotential maps during T-Q segment of basic beat and during the negative T wave preceding the premature beat (dotted line in electrograms) are shown. The position of electrodes a, b, c, and d is indicated in lower right panel. Note similarity in activation pattern of premature beat and basic beat: earliest activity during premature beat occurs in normal myocardium. Note large potential gradient across ischemic border (which coincides with the -5 mV iso-potential line in the T-Q segment map) during the negative T wave.
Results

Spontaneous Ventricular Premature Beats
were separated by 5 mm. Signals recorded 5 minutes after LAD occlusion from the ischemic subepicardium (c, d) show the characteristic changes: depression of the T-Q segment, a delayed intrinsic deflection, elevation of the S-T segment, and alternation of the S-T segment and the T wave. Recording b is from the electrophysiological border zone, and a is from normal myocardium. A single premature beat follows the deep negative T wave of the second basic activation. In the right panel, the activation pattern of the area covered by the electrode (in this case 3.5 x 2 cm) during basic and premature beat is shown, as well as the potential distribution during the T-Q segment of the basic beat and during the negative T wave (dotted line in the electrograms). The activation patterns of basic and premature beats are quite similar (t = 0 is the P wave of the last basic beat). The most important feature is that earliest epicardial activity during the premature beat occurred in the normal myocardium adjacent to the border zone. The position of the border zone was determined from the isopotential map during the T-Q segment of the basic beat (lower left map) and coincides with the area where the T-Q segment becomes negative, i.e., between the zero and -5 mV isopotential lines. In the lower right map it can be seen that, across this border zone, an extracellular potential gradient of about 35 mV exists during the negative T wave preceding the premature impulse. Of 65 spontaneous premature impulses mapped in the pig heart, the pattern of activation in 56 instances was similar to that of Figure 1 : earliest activation was in the normal myocardium adjacent to the border zone and present as a broad area. In six instances, the earliest epicardial area was a rather small, circumscribed zone in the normal myocardium close to the border, from whence activity spread more or less radially into both ischemic and normal myocardium. In three cases, earliest epicardial activation was not found close to the border. Since, in these last experiments, a multiple electrode of small dimension (about 1 cm 2 ) was used, activity could well have originated elsewhere at the border.
The pattern depicted in Figure 1 , in which a marked T-wave alternans existed and in which the premature impulse emerged during inscription of the deep negative T wave, was observed 32 times (the pattern of site b in Fig. 2 ). In 16 cases, despite marked T-wave alternans, the premature beat followed the basic impulse which did not have a deep negative wave (the pattern of site c in Fig. 2) , and in 17 cases no alternation was observed. In dogs, six times the typical alternation with the premature beat emerging from the deep negative T wave was observed, twice the premature impulse was not preceded by a negative T, despite the presence of 450 msec FIGURE 2 Simultaneously recorded DC electrograms from sites a, b, and c, the position of which is shown in inset. Note that the T-wave alternans at sites b and c is out of phase. The dotted line in the inset indicates the border zone in this isolated pig heart 5 minutes after LAD occlusion; the rectangle is the area covered by the electrode containing 60 terminals. The third beat is a spontaneous premature beat. Earliest activity was found in the normal myocardium adjacent to the border zone, and followed a deep negative T wave, which in this experiment was at that moment present in only apart of the ischemic tissue.
T-wave alternans, and twice no alternation was observed.
In several experiments, as shown in Figure 2 , it was observed that the alternation was out of phase in different sites within the ischemic subepicardium. Also, it was seen that in some areas no Twave alternans was observed, whereas it was present elsewhere. Thus, when no alternation was seen in the electrograms from a small area, this did not necessarily mean that alternans was not present elsewhere. Figure 3 shows the intramural potential distribution, both during the T-Q segment of a normally propagated beat and during the negative T wave preceding a spontaneous premature beat, 4 minutes after LAD occlusion. Intramural wicks (Janse et al., 1979) were positioned 4 mm apart in parallel rows (see schematic drawing of the heart), and DC electrograms were recorded at each site from the subepicardium and from intramural sites 4 and 8 mm below the epicardial surface. Although the extracellular potential distribution is not completely uniform throughout the ventricular wall, it can be seen that, between epicardium and intramural layer 4 mm below it, no important potential differences exist at any location, although in locations 8-mm deep, the extracellular potentials were far less negative during the T wave than in midmural and epicardial layers. In the three experiments in which FIGURE 3 Isopotential maps constructed from epicardial and intramural DC electrograms in an isolated pig heart 4 minutes after LAD occlusion. Schematic drawing of the heart shows position of 20 intramural electrodes which, at each site, recorded DC electrograms of epicardium and intramural sites 4 and 8 mm below the epicardial surface. Shaded area is the ischemic zone. Figures 1 and 2 , potential distribution through the ventricular wall is less homogeneous, but no important differences exist between epicardium and the layer 4 mm below it at any location.
(Lower inset shows intramural wick electrode in detail.) The position of the border zone is given by the -4-mV isopotential line in the map of the T-Q segment of a normally propagated beat. Note similarity of potentials during the T-Q segment in all three layers. During a negative T wave, such as shown in
the pattern of activation of spontaneous premature impulses was mapped, using intramural recordings, earliest activity always was found to occur in the normal myocardium adjacent to the border zone; however, no important time differences between endo-and epicardium were found in the pig heart (see also Fig. 12 ). When electrodes were placed in the normal myocardium far away from the border zone, it could be demonstrated that these sites were activated later than the normal myocardium adjacent to the ischemic border. Several observations suggested that the Purkinje tissue in the normal zone, close to the border zone, might be the source of the spontaneous premature impulses, in both dog and pig hearts. Figure 4 shows recordings from a dog heart 4 minutes after LAD occlusion. In signals recorded from the ischemic subepicardium, there is a marked T-wave alternans, and a premature impulse follows the deeply negative deflection. Simultaneous recordings from a subendocardial terminal of a plunge electrode shows Purkinje activity which precedes myocardial activity in both propagated and ectopic -10.5 mmisopotential map in steps of 5 mV at neg T-wave 50 msec source sink of 1uA/mm 3 FIGURE 4 Right panel: Two DC electrograms recorded from the ischemic subepicardium (upper two tracings) and one AC electrogram (third tracing) recorded from the nonischemic subendocardium of an isolated dog heart. In the lowest tracing, at expanded time scale, Purkinje spikes are seen to precede myocardial activity in both the last beat propagated from the atrium and the first ventricular premature beat, occurring after the deep negative T wave of the ischemic zone. In left panels, an isopotential map of the epicardium under the 60-fold electrode (interelectrode distance, 1.5 mm) at the moment indicated by the dotted line in the electrograms is shown, together with the distribution of current sources and sinks at that moment. (This "Laplacian map" is smaller than the isopotential map, since current sources and sinks cannot be calculated for electrode points at the edges of the electrode grid.) Current sources in the normal myocardium adjacent to the border zone are in the order of 2 \iA/'mm 3 . 156 CIRCULATION RESEARCH VOL. 47, No. 2, AUGUST 1980 beats. Similar findings were made for pig hearts. In Figure 5 , AC recordings from three terminals of a needle electrode (Durrer et al., 1970) are seen during the spontaneous occurrence of a ventricular tachycardia which degenerates into ventricular fibrillation 4 minutes after LAD occlusion in a pig heart. Terminal 4 is located at the endocardium, terminal 5 is in the wall, 2 mm from the endocadial surface, and terminal 8 is in the subepicardium, 6 mm from terminal 5. As indicated by the S-T elevation in the basic beats (B) recorded from terminal 8, the subepicardium is ischemic, whereas the isoelectric S-T segments in recordings from terminals 4 and 5 show that the subendocardium is not affected by ischemia. Apparently, the needle electrode crossed the ischemic border. In terminal 5, Purkinje activity was recorded, more clearly seen in the lower panels where the time scale is expanded. In both basic beats (B) and the initial beats of the tachycardia (1 and 2), Purkinje activity precedes myocardial activity (arrows). In beat 7, an r wave precedes the Purkinje spike, indicating that earliest activity might have arisen outside the Purkinje system. In beat 9, the fragmented Purkinje deflections (arrow) clearly occur later than myocardial activity.
In two experiments, one in a pig heart and one in a dog heart, we stimulated the heart via the electrode terminal from which Purkinje activity was recorded and compared the epicardial activation pig heart, 4 min occlusion FIGURE 5 AC electrograms from intramural and subendocardial sites recorded from a plunge electrode inserted close to the ischemic border in an isolated pig heart 4 minutes after LAD occlusion. The interelectrode distance was 2 mm; terminal 8 was subepicardial, terminal 4 was subendocardial, and terminal 5 was in the wall, 2 mm from the endocardial surface. In terminal 5, Purkinje spikes were recorded, more clearly seen in the lowest panel where the time scale was expanded. Note that Purkinje activity (arrows) precedes myocardial activity in the last propagated beat (B) and first ectopic beats (1, 2) of an arrhythmia which finally degenerates into ventricular fibrillation, where Purkinje spikes no longer precede myocardial deflections (beats 7 and 9). pattern during this stimulation with that during spontaneous premature beats. In both experiments, spontaneous premature beats occurred after 3 minutes of LAD occlusion. Stimulated beats with similar coupling intervals 3-4 minutes after occlusion showed the same epicardial activation pattern: activity was present on a broad front, and activated the ischemic zone from the left side of the border.
Current Flow during the Negative T Wave
The left part of Figure 4 shows an isopotential map of the subepicardial area under the electrode (10.5 X 10.5 mm) at the moment indicated by the dotted line during the negative T wave. A potential gradient of more than 60 mV exists across the border zone at that time. The distribution of current sources and sinks is also indicated. Maximal sources are in the order of 2 fiA/mm 3 ; maximal sinks, -5 juA/mm 3 . In porcine hearts, similar values were found during the negative T waves preceding a premature beat. To establish the biological significance of current sources and sinks of such magnitude (the absolute value is determined, of course, by the value of tissue resistivity, which we chose to be 400 fl cm), we made isopotential maps and calculated the Laplacian values at appropriate moments during propagation of an impulse in normal myocardium. As illustrated in Figure 6 , three needle electrodes were inserted at about 0.5 cm distance from the 60-fold recording electrode. Suprathreshold stimuli were delivered at the epicardial terminals, and intramural terminals at 4-mm depth of these plunge electrodes, so that a broad wavefront was set up which propagated in a more-or-less parallel fashion aross the region covered by the electrode. Intramural stimulation hopefully provided a more-or-less uniform spread of activity throughout the wall. The activation pattern (upper left panel) showed that, indeed, the isochrones were more or less parallel. Isopotential maps (lower panels) at different times after stimulation showed that most of the extracellular space under the electrode was positive at t = 17 msec. At t = 22 msec, half of the area was excited (negative potentials) and the other half was about to be excited (positive potentials). At t = 27 msec, nearly the whole area under the electrode had been excited. Laplacians calculated at t = 22 msec showed that maximal current sources were in the order of 5 juA/mm 3 , and maximal sinks were 5 jiiA/mm 3 . In other experiments, values between 2 and 5 juA/mm 3 were found. Thus, the electrotonic currents generated by a broad wavefront propagating with a large margin of safety are about twice as large as the electrotonic currents set up across the ischemic border zone during delayed repolarization in the ischemic area. Note that the pattern of distribution of sources and sinks across the ischemic border is more complex than the distribution during normal impulse propagation.
activation in msec distribution of current sources and current sinks -15 -10 -50 5 10 t.22msec
-30-25 -20 t-27msec FIGURE 6 Schematic drawing shows position of DC-recording electrode containing 60 terminals (interelectrode distance, 1.5 mm) on anterior surface of isolated pig heart. Three plunge electrodes were inserted about 0.5 cm from the recording multielectrode, and simultaneous suprathreshold stimuli were delivered to three epicardial electrodes and three intramural electrodes at a depth of 4 mm. The upper left panel shows activation sequence across the region covered by the electrode (t -0 is the moment of stimulation). The lower three panels show the isopotential maps of the area covered by the electrode at different times after stimulation. AT t = 22 msec, about half the area under the electrode is depolarized (extracellular space negative); the other half is about to be depolarized to threshold (extracellular space positive (shaded). The Laplacian map at that moment (upper middle panel) shows that current sources and sinks associated with propagation in normal myocardium are in the order of 5 and -5 respectively.
Activation Patterns during Ventricular Tachycardia and Fibrillation
In Figures 7 and 8 , activation patterns are depicted during a ventricular tachycardia, occurring spontaneously 4 minutes after LAD occlusion and , lasting for some 30 seconds, after which the heart followed the basic atrial drive again. In Figure 7 , electrograms recorded from an ischemic site and from a normal site are shown. Electrograms were recorded from an electrode covering a large area, as shown, in which the dots indicate electrode positions, and the interrupted line indicates the position of the border zone, as determined from the isopotential map made during the T-Q segment of a basic beat B. During a basic beat, activity spreads from two directions into the ischemic area. During the first spontaneous premature beat ("first extra"), activity spreads from the right side of the border into the ischemic area; a similar activation pattern was found for the subsequent seven ectopic beats (until the end of the first recording which covered a period of 2 seconds). The activation pattern of beats 9, 10, 11, and 12 is unknown; a new recording started at beat 13 and, again, its activation pattern was similar to that of the first premature beat. At beat 14, however, the activation pattern changes: again early activity occurs to the right of the border at 300 msec (t = 0 is an arbitrary point in time during beat 13) and at 320 msec to the right of the border at the apex. The latter wavefront is soon blocked (conduction block is indicated by bars), and this region of unidirectional block sets the scene for the reentry observed between beats 14 and 15. The first wavefront crosses the ischemic area in 80 msec (conduction is slightly slower than during the first ectopic beat) and the wavefront ending at 380 msec in beat 14 continues at 400 msec in beat 15, where activity circles around a centrally located area of block until, finally, the central ischemic zone is excited at 580 msec. This activity continues in beat 16, where the activation pattern becomes more complicated: multiple areas of conduction block are found, and reentrant pathways possibly involve tissue outside the area covered by the electrode, as indicated by the dotted arrows. Between beats 16 and 17, and beats 17 and 18, no continuous activity was found, and the activation pattern of beats 17 and 18 was similar to that of beat 1. However, reentry similar to that shown for beats 14, 15, and 16 was found from beats 18 to 20, where the second registration ended. The third computer registration during this tachycardia started at beat 27, and in in the order of 1-2 cm, are found in beats 27-35. Continuous activity was present throughout this series of activations. However, reentry could not always be demonstrated: the wavefront at 600 msec in beat 29 continues for a while in beat 30, but is blocked. Activity starts close to the border in a small circumscript area at 720 msec, and from there, two wavefronts bypass an area of block and invade this blocked zone from two sides in beat 31. Activity at 720 msec in beat 30 could, of course, have been due to intramural reentry not observed from the epicardial electrodes. Two circus movements are present in beats 31 and 32, but the upper circle is not completed in beat 32, and activity is blocked at 1200 msec. In beat 33, it is the lower circus movement which fails to be completed; the upper circus movement ends at 1390 msec. Earliest activity in beat 34 is found at 1450 msec, and because of the uncertainty as to whether this is the true continuation of the wavefront at 1390 msec, the arrow indicating spread of activation is interrupted. Similarly, the same uncertainty exists concerning the continuity between latest activity in beat 34 at 1570 msec and earliest activity in beat 35 at 1640 msec. Nevertheless, it can be concluded that, whereas in the initial phase of the arrhythmia reentry was not present in the subepicardium, in later stages it was. During the experiment, only signals from the ischemic zone were monitored, and those were interpreted as being characteristic for ventricular fibrillation: when preparations were being made for defibrillation, the tape recorder on which a few analog recordings were made continued to record. Hence it could be documented both that the arrhythmias stopped spontaneously 30 seconds after the last computer recordings were made and that our initial diagnosis of ventricular fibrillation was incorrect.
In all tachycardias in which the activation sequence was mapped, the same pattern emerged; in the initial beats, early activity originated in the normal myocardium close to the border. In successive beats, conduction within the ischemic area became progressively slower and islands of conduction block occurred. Finally, circus movement occurred in which activity turned around an area of FIGURE 8 Same tachycardia as in Figure 7 . Patterns of excitation of the area covered by the electrode from beat 27-35 (t = 0 is chosen arbitrarily). Note that, basically, one circus movement of fairly large dimensions is responsible for the continuation of the tachycardia, although both dimension and position of the re-entrant circuit change from beat to beat. See text for details.
EARLY ISCHEMIC ARRHYTHMIAS/Ja/ise et al. 159 block which had a diameter in the order of 1-2 cm. Whenever these tachycardias ended spontaneously, the reentrant circuits found always had such fairly large dimensions.
The difference between spontaneously ending tachycardia and sustained ventricular fibrillation is shown in Figures 9 and 10 , in which electrograms recorded in the same heart at, respectively, 3 and 3.5 minutes after LAD occlusion are shown, together with the activation patterns. The same electrode as in the experiment of Figures 7 and 8 was used. In Figure 9 , a tachycardia that lasts for 20 beats is shown. During the basic beat, activity enters the ischemic region from both the left and the right side of the ischemic border (the border zone, determined by the T-Q potential distribution is indicated by a dotted line). During the first ectopic B B 1 2 3 7 8 9 FIGURE 9 Electrograms from ischemic epicardium and normal right ventricle during a short run of ventricular tachycardia occurring spontaneously 3 minutes after LAD occlusion in an isolated pig heart. Activation patterns of the basic beat (B), and initial and later beats of the tachycardia are shown. The interrupted line in the activation map of the basic beat is the ischemic border zone. Note that, despite continuous activity recorded in the area covered by the electrode during beats 7, 8, and 9, no reentry can be demonstrated, and that, in each beat, activity arising from the normal side of the border zone is responsible for the continuation of the arrhythmia. A complete circus movement occurs between beats 29 and 30.
FIGURE 10 Same experiment as in Figure 9 , 30 seconds later. A ventricular premature beat with the same coupling interval as the one which initiated a run of tachycardia in Figure 9 , now initiates ventricular fibrillation. Note reentry between first and second ectopic beats. Note fragmentation of wave fronts in beats, 6, 7, and 8 and microcircus movement in beat 7. See text for details.
beat, earliest activity is found in the normal myocardium to the right of the border: this pattern is found in the subsequent beats as well. Progressively, activation within the ischemic zone becomes slower, and aborted circus movements are found in beats 7, 8, and 9. It is important to note that, although from beat 7 through 9, there is continuous activity in the subepicardium covered by the multiple electrode, no reentry can be demonstrated. In aU three activations, earliest activity occurs in the normal area adjacent to the border zone and, although the activation pattern shows incomplete circus movements, these are not completed. The first time that a complete epicardial reentrant circuit was found to be responsible for the continuation of the arrhythmias occurred between beats 11 and 12 (not shown), which marked the end of the recording period of 2 seconds. The activation pattern of beats 13 through 21 is unknown; in the following beats, patterns similar to those for beats 7, 8, and 9 were found. Complete circus movement was observed again between beats 29 and 30. As in the experiments of Figures 7 and 8 , complete circus movements had a diameter in the order of 1-2 cm, and revolution time was in the order of 120-130 msec. The activation pattern for the last two beats 160 CIRCULATION RESEARCH VOL. 47, No. 2, AUGUST 1980 (35 and 36) of this tachycardia also could be analyzed. As in the very first beats, activity originated from the normal side of the border, and no reentry was observed. The reason for the termination of the tachycardia is not clear. Only 30 seconds later (see Fig. 10 ), a premature impulse with the same coupling interval, earliest activity again emerging at 280 msec in the normal zone, was conducted much more slowly, and reentry already was apparent in the very first ectopic beat. The wavefront of 380 msec continued in the next activation, although it merged with another wavefront from the normal myocardium at 420 msec. In the second ectopic impulse, two circus movements were set up, each with a diameter of about 1 cm, and both these wavefronts seem to combine at 540 and 520 msec, in order to continue in beat 3. In that beat, however, these wavefronts were blocked, despite an incomplete circus movement with an even smaller diameter. The arrhythmias continued because of activity originating outside the border zone at 560 msec. The same pattern is seen in beats 4 and 5. Despite incomplete circus movements, which sometimes might be complete, involving spread of activity through tissue outside the electrode, there was always activity originating outside the ischemic border. However, in beats 6, 7, and 8 this pattern changed. Within the area covered by the electrode, many different wavefronts were present. Some of these described full circus movements, sometimes of very small dimension (in beat 7, activity circled from 1100 to 1200 msec around an area of block with a diameter of 0.5 cm); other wavefronts were blocked or travelled in any direction wherever tissue was responsive. The main difference between this type of activity and that depicted in Figures 7, 8, and 9 was that, here, the wavefronts were more fragmented; circus movements most of the time were not completed, and whenever they were, their diameter was smaller. Figure 11 shows selected electrograms and activation patterns during ventricular fibrillation, from an experiment in which the multiple electrode covered an area across the border of 10.5 X 10.5 mm so that circus movement of small diameter could be analyzed in much greater detail than in the experiments in which the electrode covered a large area. As was observed in many other recordings, circus movement could indeed occur around an area of block with a diameter in the order of 5 mm. However, in the experiment in which this electrode arrangement was used, complete circus movements were not often found, and during fibrillation the rule was that the small area was activated from different sides, the wavefronts taking tortuous routes, in which incomplete circus movements were much more frequent than complete ones. Figure 12 shows the epicardial and intramural pattern of excitation during a basic beat, and the first three ectopic impulses initiating ventricular fibrillation, 3.5 minutes after LAD occlusion. Intramural wick electrodes recorded activity at 20 sites from epicardium, and intramural sites at depths of 4 and 8 mm. (See Fig. 3 for the electrode positions) .
Intramural Reentry
The key features of the activation patterns shown, are that (1) earnest activity in the first two ectopic beats occurs on the right side of the border (and in the epicardial layer also on the left side of the border) and (2) intramural reentry occurs between ectopic beats 2 and 3. When only the epicardial excitation pattern of the second ectopic beat is analyzed, one would hesitate to infer continuous activation between the two wavefronts at 750 msec and the late activity recorded at 854 msec. However, the activation pattern of the intramural layer at 4-2°3°4 mm 8 mm FIGURE 12 Intramural reentry. Excitation patterns during last basic beat and first three beats of spontaneously occurring ventricular fibrillation 3.50 minutes after LAD occlusion in an isolated pig heart. In this experiment, 20 intramural wick electrodes were used, each recording activity at the epicardium (top panels) and at intramural sites 4 mm below the epicardial surface (middle panels) and at 8 mm (lower panels). Position of the electrodes is shown in drawing of the heart in Figure 3 . Shaded areas are zones of conduction block. Note that in the second ectopic beat, the wavefront in deeper intramural layers describes a partial circus movement around an area of conduction block, and that the wavefront ending at 820 msec in the 4-mm layer excites the overlying epicardium at 854 msec. This late epicardial activity continues on the epicardial surface in beat 3. See text. mm depth shows that circus movement is set up, circling around an area of block with a diameter of about 8 mm and ending at 820 msec. It is quite plausible that this wavefront emerges at 854 msec on the epicardial surface, where it continues in beat 3 at 870 msec.
Differences in VF during Occlusion and after Reperfusion
Ventricular fibrillation occurred about twice as often immediately after release of LAD occlusion as it did during LAD occlusion. The activation pattern during both types of fibrillation was the same. The initial beats always originated outside the ischemic border, and no reentry ever was observed during the first two activations. The first ectopic impulse after reperfusion nearly always occurred right after a pronounced negative T wave. In later activations, reentry became manifest, and as the arrhythmias progressed, circus movements, whenever they were completed, became smaller in diameter. The only difference between reperfusion VF and VF during occlusion was that the tissue involved in reperfusion VF seemed more responsive: a series of eight "activations" (counted as the number of intrinsic deflection of sites in the normal myocardium) in VF during occlusion lasted for about 1050 msec. When, after successful defibrillation, the occlusion was released after 12 minutes and VF occurred again, it took only 850 msec to complete eight "activations" at a comparable phase of the arrhythmia.
Discussion
"Focal" Ectopic Activity
Our experiments demonstrate that, within minutes following coronary artery occlusion, both macro reentry and micro reentry can occur within the ischemic myocardium, and that these conduction disturbances are responsible for the maintenance of ventricular tachycardia and ventricular fibrillation, respectively. At the same time, our results strongly suggest that the ectopic ventricular impulses which initiate both ventricular tachycardia and ventricular fibrillation in the very early phase of myocardial ischemia are not due to reentry. The arguments for this statement are as follows.
(1) Earliest activity during single premature beats was, in nearly all instances in which the activation pattern was mapped, found in the normal myocardium adjacent to the electrophysiological border zone (i.e., the zone in which T-Q potentials of normally propagated beats became negative). This same activation pattern was found in the initial beats for all instances in which the activation pattern of ventricular tachycardia and ventricular fibrillation was analyzed. (2) Never, during either epicardial recording or intramural recording, was any evidence found for reentrant activity bridging the gap between latest activity during the basic and first ectopic beats. (3) Whenever Purkinje activity was recorded, it preceded myocardial activity in both single premature beats and the initial beats of both long runs of ventricular tachycardia, or neverending fibrillation. (4) Epicardial activation patterns were similar during spontaneous ventricular premature beats and during stimulation of subendocardial sites where Purkinje activity was recorded.
It has to be said that, in view of the limitations imposed by the fact that only 60 electrograms could simultaneously be recorded, no absolute statement can be made that in all these instances (i.e., single 162 CIRCULATION RESEARCH VOL. 47, No. 2, AUGUST 1980 premature beats or initial beats of both VT and VF, totalling more than 150 different activation maps) reentry did not occur at sites other than those from which we recorded activity. We do regard this an extremely unlikely possibility because of (1) the ease with which reentry was demonstrated in later phases of VT and VF and (2) that fact that when reentry would occur between the last basic beat propagated from the atrium and first ventricular ectopic beat, the site for reentry would be expected to be within the ischemic area and not in the normal myocardium; yet invariably earliest activity was located in the normal myocardium. It is of interest to note that Harris and Rojas (1943) concluded that ectopic impulses occurring a few minutes after coronary artery occlusion originated at the ischemic border. In contrast to our findings, Ideker et al. (1978) reported that the initial activation of reperfusion fibrillation originated in the reperfused (i.e., previously ischemic, myocardium). However, from their abstract, it is difficult to appreciate the accuracy of the localization, since 27 electrodes were evenly spaced over both ventricles.
The evidence presented in Figures 4 and 5 shows that the Purkinje tissue (possibly those fibers which are close to ischemic myocardium) well may be the source of the earliest ectopic impulses. What mechanism could initiate ectopic activity in normal Purkinje tissue within 3 minutes after coronary artery occlusion? It is extremely unlikely that, in such a short time, any substance could be produced by ischemic myocardial cells, whether it be ions such as K + or H + or more complex substances such as phospholipoglycerides (Corr et al. 1979) , which could influence the electrophysiology of normally perfused Purkinje cells. It has been suggested by many authors (Cranefield, 1975; Han, 1969; Hoffman, 1966; Katzung et al., 1975; Kleber et al., 1978) that the flow of current between ischemic and normal tissue could be arrhythmogenic.
The Arrhythmogenic Role of "Injury" Currents
At least three mechanisms can be distinguished by which flow of current could initiate ectopic activity. First, there is the concept of "focal re-excitation" (Hoffman, 1966; Han, 1969) . When differences in action potential duration exist in adjacent areas, current flow from the site of the longest action potential duration to that of the shorter duration might in the latter area induce an extrasystole when the current is strong enough to depolarize these cells to threshold. With regard to myocardial ischemia, Han (1969) reasoned that current flow from normal cells toward ischemic cells (which supposedly had shorter action potentials) would be able to reexcite the ischemic cells and thus produce an extrasystole. In our experience, exactly the opposite occurs. Ectopic activity emerged from the normal tissue whenever repolarization in the is-chemic myocardium outlasted repolarization in the normal myocardium and, when, as a consequence, depolarizing currents flowed between the intracellular compartments of ischemic cells toward normal cells. This could happen in two ways, either (1) when, despite a shortened action potential duration of the ischemic cells, activation of these cells was so much delayed that they repolarized later than normally activated nonischemic cells or (2) when, much more frequently, alternation in action potential duration, or even 2:1 responses, led to marked prolongation of every second action potential in the ischemic cells . Whenever repolarization in the ischemic cells lasts longer than repolarization in the normal myocardium, the local extracellular electrogram recorded from the ischemic area displays a negative T wave. One might argue whether "T wave" is the correct expression for this deflection, since normally the T wave is caused by potential differences during phase 3 of normal cells. During ischemia, the negative "T wave" is caused by potential differences between ischemic and normal cells, whereby the ischemic cells may be in their phase 0 (or 2 or 3) while the normal cells are in their phase 3, or may even be in phase 4. During this part of the cardiac cycle, an intracellular current flows from ischemic toward normal cells where it exerts a depolarizing effect (Kleber et al., 1978) . The strength of the current sources at the normal side of the ischemic border zone was maximally 2 /iA/mm 3 tissue in both pig and dog hearts. Anderson et al. (1979) found injury currents in the same order of magnitude. The absolute value is, of course, determined by the value of tissue resistivity. We chose a value of 400 Q, cm based on measurements of Van Oosterom et al. (1979) . Preliminary experiments showed that, although tissue resistivity increases in myocardial ischemia in later phases, it remains nearly constant in the first 15 minutes after coronary artery occlusion. It is also plausible to assume that the absolute value of current sources and sinks is influenced by tissue anisotropy. However, the biological significance of the magnitude of sources during the negative T wave recorded in the ischemic myocardium just before the occurrence of an ectopic impulse may best be compared to the magnitude of current sources that occur during propagation of a wavefront in normal myocardium. As shown in Figure 6 , maximal sources are in the order of 2-5 juA/mm 3 and maximal sinks are in the order of -5 (iA/mm 3 . Thus they are about two times stronger than currents set up during delayed repolarization in ischemic myocardium. Given the fact that a broad wavefront, initiated by simultaneous stimulation at six sites (three epicardial and three intramural), propagates with a large margin of safety, one can conclude that the electrotonic currents across the ischemic border zone are strong enough to induce a sizeable depolarization in normal cells. Whether EARLY ISCHEMIC ARRHYTHMIAS/ Janse et al. 163 this current is truly excitatory, i.e., to be compared with the excitatory electrotonic current of a propagated wavefront, remains to be established.
As argued by Moe and Mendez (1973) , no abrupt transition in action potential duration can exist between cells that are well coupled, and current flow between cells with long action potentials (ischemic cells) and cells with short potentials (normal cells) would tend to shorten the long action potentials and lengthen the short ones. Therefore, Moe and Mendez considered such focal reexcitation to be unlikely. However, when a region of conduction block is interposed between normal Purkinje fibers and ischemic myocardium displaying delayed repolarization, electrotonic currents generated by the latter could traverse the zone of block aand reexcite the Purkinje fibers (Antzelevitch et al., 1979) .
A second mechanism by which electrotonic currents could induce ectopic activity was suggested by Moe and Mendez (1973) and was shown to occur by Jalife and Moe (1976) . Depolarizing electrotonic current enhances normal phase 4 depolarization in Purkinje cells (i.e., that occurring between -90 and -70 mV) and could thus trigger a premature discharge of Purkinje fibers undergoing phase 4 depolarization. What makes this mechanism unlikely in the setting of myocardial ischemia is that normal phase 4 depolarization in Purkinje fibers does not occur at extracellular K + levels above 4 mM (Cranefield, 1975) . The endocardial Purkinje fibers in the perfused hearts were in contact with cavitary blood, which flowed in the left ventricular cavity at a rate of 5-10 ml/min. Since the blood-Tyrode's mixture had a K + concentration of 4.5 mmole/liter, diastolic depolarization probably did not occur in the subendocardial Purkinje fibers.
A third mechanism by which electrotonic currents can be arrhythmogenic might be the enhancement of early afterdepolarization (Cranefield, 1975) or the induction of oscillatory activity at membrane potential level around -60 mV. Katzung et al., showed that, in an in vitro preparation of guinea pig papillary muscle, current flowing between cells that were depolarized by 145 mM K + , and cells superfused with Tyrode's solution containing less than 3.5 mM K + was able to induce spontaneous activity at potential levels around -60 mV in these latter cells, especially when epinephrine was present. Because the membrane potential of cells exposed to 145 mM K + may be expeced to be around zero, and the membrane potential of the cells in the 3.5 mM K + compartment was about -90 mV, the injury current in the experiment of Katzung et al. may be of the same order of magnitude as in our experiments. When activation of ischemic cells is extremely delayed, transmembrane potential may be around zero at the moment of peak depolarization, at a time when the transmembrane potential of repolarized normal cells is around -90 mV .
Although Katzung et al. were able to induce spontaneous activity in myocardial cells, it may be expected that similar spontaneous activity would be induced even more easily in Purkinje cells. It is tempting to suggest that the current flowing between ischemic myocardial cells and adjacent Purkinje fibers would be sufficient to prevent completion of repolarization in the Purkinje cells and induce triggered activity arising from early after depolarizations (Cranefield 1975, page 273) . Final proof for this hypothesis has to await direct microelectrode recording from Purkinje fibers in intact hearts.
Reentry
The construction of isochrone maps depicting the sequence of activation during ventricular arrhythmias depended, of course, on the way in which the moment of local excitation in the DC extracellular electrograms was determined. Since only "unipolar" recordings were made (the indifferent electrode being attached to the root of the aorta of the isolated hearts), the moment of local excitation was taken from the intrinsic deflection. This deflection coincided with the upstroke of the local transmembrane action potential. Amplitude and upstroke velocity of transmembrane action potentials of ischemic cells may vary greatly, and even in transmembrane recordings, one cannot make an absolute distinction between those responses which will be able to propagate and those which are merely electrotonic reflections of activity in adjacent areas. It is even more difficult to differentiate between local membrane excitation and electrotonic responses from extracellular signals. Therefore, the determination of the moment of local activation from the electrogram carries a degree of uncertainty. We believe we have minimized this source of error by the fact that we have compared transmembrane potentials from ischemic cells with local electrograms in many experiments Kleber et al., 1978; Janse et al., 1979) . It is in this respect noteworthy that, possibly because our experience with pig hearts is much larger than that with dog hearts, we were unable to analyze the activation patterns during ventricular fibrillation in the dog hearts, since we could not distinguish intrinsic deflections in the unipolar recordings consistently. Furthermore, the way in which moments of activation were indicated made it impossible to know the position of the electrode in the heart or to remember the moment of activation of one electrode during a preceding activation. Only when the activation times printed out by the computer (sometimes over 2000) were plotted on paper on which electrode positions were marked did activation patterns emerge.
The fact that it sometimes was impossible to distinguish between local electrotonic responses and local activity able to propagate, in our opinion, 164 CIRCULATION RESEARCH VOL. 47, No. 2, AUGUST 1980 did not influence the construction of activation maps. As shown in Figure 11 , the question mark in the lower tracing indicates that this deflection was not taken to represent local activation, whereas a slightly larger deflection was interpreted as being local activation at 182 msec. As can be seen from the maps, this electrode was in an area where block occurred during both activations a and b. If we had interpreted the deflection in activation a as an intrinsic deflection, this would not have altered the general pattern of activation.
The activation patterns observed during both ventricular tachycardia and ventricular fibrillation demonstrated that circus movement reentry does occur within the ischemic myocardium. The dimensions of the reentrant circuits are similar to those found by de Bakker et al. (1979) during ventricular fibrillation induced by premature stimulation during hypothermia.
It must be said that the demonstration of continuous activity between two activations does not necessarily indicate that the second activation is caused by reentry. We have often found continuous activity in the area covered by the electrode when the sequence of activation clearly showed that reentry was not present and that a focal mechanism could well be responsible for the continuation of the arrhythmia. Also, the mere finding of delayed conduction cannot be taken as evidence for reentrant mechanism.
Local electrograms recorded from the ischemic myocardium during ventricular tachycardia which terminated spontaneously often appeared chaotic and were, in fact, sometimes interpreted as being characteristic for ventricular fibrillation. Similar electrograms have been observed in catheter recordings in humans (Josephson et al., 1979) during arrhythmias that terminated spontaneously and were called local fibrillation. In view of our mapping experiments, in which there were fairly large circus movements (diameter, 1-2 cm) which, in subsequent beats, changed their position and their dimensions, it is evident that electrograms recorded near the center of such circus movements appear chaotic. Allessie et al. (1977) have demonstrated that centripetal wavelets penetrate the center of a circus movement, where they collide with wavelets coming from the opposite side of the circulating wavefront. When position, dimensions, and revolution times of circus movements differ in subsequent beats, the electrotonic deflections caused by the centripetal wavelets change from beat to beat and may give rise to a completely disorganized appearance of local electrograms, despite the fact that the rest of the heart is activated in an organized manner by the centrifugal wavefronts arising out of the circus movements.
The difference between ventricular tachycardia, which will terminate spontaneously, and ventricular fibrillation, which in hearts of the size of the porcine and canine hearts used in our experiments will not terminate spontaneously, lies in the size and the number of the reentrant circuits. In ventricular tachycardia, there exists basically one circuit of fairly large dimension, i.e., activity circles around an area of block with a diameter of 1-2 cm. Sometimes (see Fig. 8 ) double circuits are set up but not completed, and the tachycardia continues because of one single reentrant circuit. The main characteristic of ventricular fibrillation is that wavefronts are fragmented and that multiple wavelets follow tortuous paths. Circus movements seldom are completed, and whenever they are, they have smaller dimensions than during tachycardia, being in the order of 5 mm. The actual spread of activity in the ischemic myocardium during ventricular fibrillation bears a striking resemblance to the spread of excitation predicted by Moe (1962) .
The question as to whether the mechanisms for arrhythmias described here are the same as those in humans during the very early phase of myocardial infarction, of course cannot be answered. However, some observations suggest that similar electrophysiological changes (and with a time course similar to those reported for isolated porcine and canine hearts) occur in humans. Thus, Kleinfeld and Rozanski (1977) found ST-T alternans in eight of 21 patients with variant angina, a condition that very much resembles experimental myocardial ischemia. Cinca et al. (1980) found ST-T alternans (similar to that occurring in pig hearts) in a patient developing myocardial infarction, which occurred 3 minutes after the onset of symptoms and had disappeared after 8 minutes.
Recently it has been stated by Lazzara et al. (1978) that there exists no compelling evidence that Purkinje fibers play an important role in the generation of arrhythmias in the early phase of ischemia and that these arrhythmias are due to reentry from markedly delayed activation within the ischemic myocardium. The conclusion from our experiments is that, indeed, reentry is responsible for the continuation of both ventricular tachycardia and fibrillation, but that the intitial activations of both arrhythmias most likely are due to a focal mechanism localized in the Purkinje fibers close to the ischemic myocardium (be it close to the ischemic border or overlying ischemic myocardium), induced by the flow of injury current. The presence of two different mechanisms responsible for the malignant arrhythmias in the early phase of myocardial ischemia offers possibly different pharmacological approaches for attempts to prevent or suppress these arrhythmias.
